We report a high cooperative transition from the semi-flexible to the flexible regime of polymer elasticity during the interaction of the DNA molecule with the chemotherapeutic drug Mitoxantrone (MTX). By using single molecule force spectroscopy, we show that the force-extension curves of the DNA-MTX complexes deviate from the typical worm-like chain behavior as the MTX concentration in the sample increases, becoming straight lines for sufficiently high drug concentrations. The behavior of the radius of gyration of the complexes as a function of the bound MTX concentration was used to quantitatively investigate the cooperativity of the condensation process. The present methodology can be promptly applied to other ligands that condense the DNA molecule upon binding, opening new possibilities in the investigation of this type of process and, more generally, in the investigation of phase transitions in polymer physics.
Introduction
The interactions of the DNA molecule with ligands such as proteins and drugs is a field important to many areas of knowledge, from the comprehension of basic intracellular processes to the application in medical sciences, especially in cancer chemotherapies. Along the past years, single molecule techniques such as optical and magnetic tweezers, as well as atomic force microscopy, have promoted a major step in the understanding of such interactions [1] [2] [3] [4] [5] [6] . In fact, these techniques have opened the possibility of manipulating single DNA-ligand complexes, allowing the determination of force-extension curves (FECs) from which the mechanical properties of the complexes (and the physical chemistry of the interaction [1] ) can be extracted. This type of approach is usually known as single molecule force spectroscopy (SMFS).
When using SMFS to study the interactions of the DNA molecule with drugs or proteins, the straightforward approach employed to determine the mechanical parameters of the complexes formed is to fit the experimental FECs to the worm-like chain (WLC) model [7] [8] [9] . Nevertheless, such model has its intrinsic limitations, for example, it is valid only for semi-flexible polymers. The bare DNA molecule has a peculiar chemical structure, with two strands forming a double-helix that sets important properties to the biopolymer such as a well-defined negative charge density and a bending stiffness which places DNA in the class of semi-flexible polymers [7, [9] [10] [11] . When a ligand binds to the doublehelix, however, it can change the local bending stiffness as well as the local charge density. Thus, if these changes make the DNA-ligand complex much stiff or soft, the WLC model may fail and the mechanical parameters obtained from the fitting of the FEC are maybe not much realist. Fortunately, a large number of DNA ligands change only slightly the DNA persistence length upon binding. Thus, the complex formed is still a semi-flexible polymer, which justifies the use of the WLC model to analyze the data. Nevertheless, this is not a general property, and there are some ligands that can change drastically the mechanical properties of the DNA molecule upon binding. Maybe the most known examples are ligands that condense the DNA molecule, such as the polyamines spermine and spermidine, and the histone proteins. These cationic ligands considerably reduce the effective persistence length of the complexes formed at low ionic strengths [12, 13] , facilitating the DNA condensation process. Small drug molecules that induce substantial changes on the DNA persistence length upon binding, however, are much less common.
While SMFS was largely employed in the past to study DNA condensation induced by various compounds such as polyamines and proteins [12, [14] [15] [16] [17] , the DNA complexes formed with Mitoxantrone (MTX) were never characterized at single molecule level. Here we report a SMFS characterization of this interaction using optical tweezers to stretch the DNA-MTX complexes in the entropic regime (forces < 10 pN). While higher forces (tens of pN) may bring information on the structure and structural transitions of these complexes, inside cells the DNA molecule is submitted to very small net forces, on the order of a few picoNewtons [18] . Therefore, to characterize the DNA-drug interaction under conditions closer to that found inside living cells, which is important from the pharmacological point of view, here we employ forces as small as possible to perform the SMFS experiments.
MTX is currently used to treat various cancers such as acute myelogenous leukemia, breast cancer, non-Hodgkin's lymphoma, and others. Its cytotoxic effects consist of disrupting the DNA synthesis and repair, being also a topoisomerase II inhibitor. Concentrations below 1 μM are sufficient to inhibit cell growth by about 50% in vitro [19] , which shows the efficiency of the drug in inhibiting cell proliferation. Here we show that, for these very low concentrations the drug behaves as a classical intercalator upon binding to the double-helix. For higher concentrations, however, it strongly condenses the DNA molecule, inducing a cooperative transition from the semi-flexible to the flexible regime of polymer elasticity. To the best of our knowledge, this is the first work that fully identifies and characterizes such kind of transition on the DNA elasticity caused by a small drug molecule, although MTXinduced DNA condensation was previously reported in bulk experiments [20] . In addition, the methodology developed here opens new possibilities in the investigation of the DNA condensation process and, more generally, in the investigation of phase transitions in polymer physics.
Materials and methods
The optical tweezers used here to perform the SMFS consist of a 1064 nm ytterbium-doped fiber laser operating in the TEM 00 mode (IPG Photonics) mounted on a Nikon Ti-S inverted microscope with a 100× NA 1.4 objective.
Our samples consist of λ-DNA molecules (New England Biolabs) end-labeled with biotin in a Phosphate Buffered Saline (PBS) solution. One end of the DNA molecules is attached to a microscope coverslip surface, which is coated with streptavidin, while the other end is attached to a streptavidin-coated polystyrene bead with a diameter of 3 μm (Bangs Labs). In order to investigate the effects of the ionic strength on the DNA-MTX interaction, the measurements were carried under two different PBS buffers, whose compositions are detailed in Table 1. MTX was purchased from Sigma-Aldrich (Cat. M6545) and used without further purification. The results reported below for the mechanical properties are averages over six FECs repeated for each drug concentration. All the error bars were calculated as the standard error of the mean from the six FECs. The experiments were carried out at room temperature (23°C). All additional details about the experimental methods and procedures can be found in ref. [21] . Fig. 1 shows the chemical structure of the MTX molecule.
Results and discussion
For simplicity, here we discuss separately the results obtained under the different ionic strengths. A comparison between the results obtained under these two conditions is then performed. Fig. 2 ), we measured a slight increase on the contour length. Nevertheless, as the drug concentration increases in the sample, the DNA molecule starts to condense. Such effect can be noted in the data of Fig. 2 from the strong decrease measured on the contour length of the DNA-MTX complexes as the drug concentration increases. This result corroborates with previous bulk studies which reported that MTX condenses the DNA molecule [20, 22, 23] .
The WLC fittings were performed here using the Marko-Siggia expression for the entropic force [7] and are also shown in the figure as solid lines. These fittings could be performed only until a MTX concentration C T = 7.5 μM, because for higher concentrations the FECs become straight lines, completely differing from the typical WLC behavior. Thus, for [Na] = 150 mM, the DNA-MTX complexes behave as semi-flexible polymers only at the concentration range ⪕ C T 7.5 μM. Fig. 3 shows more FECs, now obtained for higher MTX concentrations (C T > 7.5 μM). As anticipated, the FECs are now straight lines and cannot be fitted to the WLC model. This result strongly indicates that the MTX-promoted DNA condensation process is correlated to a transition on the polymer elasticity regime. In other words, the DNA-MTX complexes become flexible polymers for C T > 7.5 μM, allowing the condensation process.
In the theoretical framework, Halperin et al. [24] and Polotsky et al. [25] have predicted that the FEC of a completely condensed (totally collapsed) polymer should present three different regimes: (a) the force initially increases linearly with the extension, corresponding to the globule deformation; (b) the force then presents a plateau corresponding to the initiation of the unfolding process, i.e., the change of the globular polymer into a linear one; and finally (c) the force increases again linearly with the extension when the polymer chain becomes linear. As can be seen in Fig. 3 , we have not detected any force plateau in our experimental FECs: only the linear regime occurs here. This result is probably due to the fact that our DNA-MTX complexes are [7] . not completely collapsed. Thus, we were not able to see the force plateau predicted by those authors. In fact, experimentally it should be difficult to achieve such a condition. Experiments performed by various authors using traditional condensing agents such as polyamines, cobalthexamine and polyethylene-glycol have not presented yet this type of plateau in the FECs [12, 16] .
In their treatment, Polotsky et al. have shown that the unfolded condensates can be approximately described by an ideal (Gaussian) chain [25] . Thus we have used the Gaussian chain (GC) model, which is valid for flexible polymers [26] , to fit the FECs (solid lines in Fig. 3 ). Such model predicts that the force F increases with the DNA extension z as
where k B is Boltzmann's constant, T is the absolute temperature and R g is the radius of gyration of the polymer chain. Therefore, the radius of gyration of the flexible polymer chains can be directly determined from the linear fittings of Fig. 3 . The concept of persistence length is not important in the context of the GC model, since the polymer chain is very flexible and there is no energetic cost to introduce bendings in the polymer chain. The apparent contour length, on the other hand, can be obtained directly from the stretching experiments by measuring the DNA full extension in the entropic regime. Here we have performed such measurements for each MTX concentration at a force of ∼ 8 pN, i.e., close to the limit of the entropic force regime, in order to guarantee that values obtained for the contour length do not have enthalpic contributions.
The complete behavior of the DNA-MTX contour length discussed above is evidenced in Fig. 4 , in which we show the values obtained for such mechanical property at various MTX concentrations. We have determined the contour length by two different methods: from the WLC fitting (black circles) and by direct measuring the DNA full extension in the entropic regime, at a maximum stretching force of ∼ 8 pN (red squares), as mentioned before. This second method has the advantage to be a model-free measurement. The purpose of using these two different methodologies to measure the same quantity is to explicitly show that the contour length results obtained from the WLC fittings start to loose accuracy when the DNA condensation begins, at ≳ C T 1.5 μM. Such conclusion is evidenced in the inset of Fig. 4 , which highlights the regime of low drug concentrations.
Observe that the contour length of the DNA-MTX complexes initially increases for C T ≲ 0.75 μM. Such increase is very similar to that found in intercalative binding [27] , and thus allows one to assume that MTX behaves as a typical intercalator at very low drug concentrations. Such assumption will be confirmed later by determining the MTX binding parameters at this concentration range. Observe also that the values obtained for the contour length with the two different methodologies agree within the error bars at this concentration range (C T ≲ 0.75 μM). Such result is expected, since the changes on the mechanical properties of DNA introduced by intercalating molecules are in general only slight [27, 28] . Therefore, the DNA-MTX complexes still behave as semiflexible polymers for C T ≲ 0.75 μM and the WLC model works well for determining the contour length, returning results that agree with the model-free measurements. For ≳ C T 1.5 μM, on the other hand, the contour length starts to decrease because the condensation process starts, and the values returned from the WLC fittings begin to deviate from those obtained by the model-free measurements.
In Fig. 5 we show the behavior of the persistence length obtained from the WLC fittings for the same DNA-MTX complexes. Observe that such parameter firstly increases for very small MTX concentrations (C T ≲ 0.6 μM), but strongly decreases for higher concentrations. Again, this initial increase is typical of intercalative binding [27, 28] , corroborating with the assumption drawn from the contour length data about the binding mode at very low MTX concentrations. For ≳ C T 2.25 μM, on the The results discussed until now allow one to identify distinct regimes of drug concentration with different mechanical behaviors of the DNA-MTX complexes. At low drug concentrations (C T ≲ 0.75 μM), MTX behaves as a typical intercalator when interacting with DNA, increasing both the contour and persistence lengths of the molecule upon binding. For higher concentrations, otherwise, MTX-induced DNA condensation starts to take place, with a strong decrease on both mechanical properties. During the condensation process, we have explicitly shown that the flexibility of the DNA-MTX complexes suffers a transition from the semi-flexible to the flexible regime, and the FECs become straight lines for C T > 7.5 μM.
MTX is a divalent (+2) cationic molecule in pH 7.4 [23, 29] and has a relatively large size (see Fig. 1 ). Therefore, in principle one should not expect that it can condense DNA, a feature mostly observed for molecules with charge equal or higher than +3 [30, 31] . Nevertheless, DNA condensation still occurs here, probably because the position of the bound MTX molecules is approximately fixed along the double-helix at the intercalation sites. Thus, there is a considerable positional correlation of the positive charges, a feature necessary for the condensation process [32] [33] [34] . Another possibility is MTX self-association forming dimers or aggregates of higher order, a feature common for most anthracyclines [21, 23, 35, 36] . Such self-association in practice increases the effective charge of the ligand, making DNA condensation possible.
To advance further in the characterization of the condensation process, we use the radius of gyration of the complexes in order to connect the different mechanical behaviors obtained in the two flexibility regimes. For C T > 7.5 μM, the radius of gyration R g was determined directly from the fittings of the FECs to Eq. (1), since they are straight lines at this concentration range, as explained before. For ⪕ C T 7.5 μM, the radius of gyration was calculated from the persistence and contour lengths as
The behavior R g as a function of the MTX concentration C T is shown in Fig. 6 . Three different regimes can be promptly identified: (a) For ⪕ C T 0.6 μM the radius of gyration increases as a function of the MTX concentration, indicating that the intercalative mechanism is strongly dominant here; (b) For 0.6 μM ⪕ ⪕ C T 2.25 μM, an abrupt and irregular decrease of the radius of gyration occurs, indicating a transition to the condensation regime; and finally (c) For ⩾ C T 2.25 μM, a regular sigmoidal decrease of the radius of gyration as a function of C T occurs. This behavior indicates that the regular condensation process starts at C T ∼ 2.25 μM, a result compatible to that shown in Fig. 4 .
In addition, observe that for ⪕ C T 7.5 μM, we show two different results calculated using the values of the contour length from the WLC fittings (black circles) as well as from the full extension measurements (red squares). For C T > 7.5 μM, on the other hand, there is only one result, obtained from the FECs fittings to the GC model (Eq. (1)). In any case, observe that after the condensation starts, R g monotonically decreases as a function of the MTX concentration, as expected.
The behavior of R g can be modeled in order to allow quantitative insights on the MTX-induced condensation process. To perform such a task, we concentrate our attention on the regular sigmoidal decrease of this parameter (part (c) of Fig. 6 ). Part (b) (abrupt and irregular decrease) is probably much more complicated to be modeled since it is a transition between two very distinct regimes. Due to its pronounced sigmoidal behavior, here we propose that the radius of gyration should decrease as a function of the bound MTX molecules as a Hill-type process, i.e., 
where R g 0 is the initial value of the radius of gyration (in this regime), r is the bound drug concentration (C b ) normalized by the number of available binding sites (DNA base-pairs, C bp ), r c is a characteristic value of r, and n is the Hill exponent. The Hill exponent n measures the cooperative degree of a given biochemical process. If n > 1, the process is positively cooperative, i.e., a bound ligand molecule facilitates the occurrence of the process. If n < 1, otherwise, the process is negatively cooperative and a bound ligand molecule makes difficult the occurrence of the process. If n = 1, the process is non-cooperative and thus independent of the number of bound ligand molecules.
In principle, other sigmoidal functions could be used to fit the experimental data and maybe should work well. Nevertheless, the proposed Hill-type function is convenient here because of the biochemical interpretation of the Hill coefficient discussed above, which gives us an estimation of the cooperativity of the MTX-induced DNA condensation process. Previous bulk studies have provided evidence that MTX binds cooperatively to the double-helix [22, 23, 37, 38] , but here we are in a position to quantify the degree of cooperativity at single molecule level.
In order to fit the experimental data of Fig. 6 with Eq. (3), one must find the relationship between the bound drug fraction r = C b /C bp and the total drug concentration used in the sample C T . Observe that C T = C b + C f , where C f is the free (not bound) drug concentration in the sample. These quantities can be related by a convenient binding isotherm that captures the physical chemistry of the interaction. Since MTX intercalates the double-helix, the most convenient binding isotherm to be used is the McGhee -von Hippel neighbor exclusion model (NEM) [39] . This model describes very well the binding of intercalating molecules to the DNA and can be used to fit the contour length data of Fig. 4 for ⪕ C T 0.75 μM (the concentration range in which the contour length increases, i.e., in which the intercalative behavior manifests).
In Fig. 7 we show the behavior of the normalized contour length Θ = (L -L 0 )/L 0 as a function of the MTX concentration C T for the range ⪕ C T 0.75 μM. For convenience to fit with the NEM binding isotherm, the axis was interchanged. The fitting is shown as a dashed line in Fig. 7 and was performed using the procedure detailed described in ref. [1] , using the equation 
In this model, N is the exclusion parameter (binding site size), K is the association equilibrium constant and γ is the ratio between the extension elongated per bound ligand and the distance between two consecutive base-pairs (∼ 0.34 nm for B-DNA). For typical intercalators, γ ∼ 1 [4, 40] . In ref. [1, 27] it was shown that Θ = γr∼ r for the typical increase on the contour length induced by intercalators. By fitting the experimental data of Fig. 7 to Eq. (4) with γ = 1 fixed, we obtain the binding parameters N = 3.5 ± 0. MTX binds strongly to the double-helix, with a value of K higher than other classic anthracycline drugs such as daunomycin and doxorubicin [21, 27] . Once the binding parameters (and consequently the binding isotherm) for the DNA-MTX system were determined, one promptly knows the value of r ∼Θ for each value of C T . Assuming that the bound site fraction r does not change upon the condensation process, we can replot the data of R g from Fig. 6 as a function of r in order to fit with the proposed model (Eq. (3)). Fig. 8 shows the experimental data along with the fitting with Eq. (3) (dashed line), for the concentration range corresponding to the sigmoidal decrease (part (c) of Fig. 6 ), as discussed above. Observe that the proposed model fits well to the experimental data, and from such fitting we determine the Hill exponent n, and also the characteristic constants R g 0 and r c . In Table 2 we show the results obtained from the fittings. Observe that the two different data sets have the same parameters within the error bars, which indicates that the error introduced by using the WLC model to determine the contour lengths at the beginning of the condensation process is not much relevant to the present analysis. The values obtained for R g 0 and r c are characteristics of the curves shown in Fig. 8 , as mentioned before. The high value found for the Hill exponent (n > > 1), on the other hand, indicates that the MTX-induced condensation process is strongly cooperative. In other words, the transition from the semi-flexible to the flexible regime of polymer elasticity is highly cooperative, occurring more easily as the MTX concentration is increased. A similar conclusion was previously achieved by Teif, studying the DNA condensation process induced by the polyamine spermidine [43] . In this reference, Teif has argued that the positive cooperativity verified in the DNA condensation process is due to the positional correlation of the bound ligands, which induces attractive forces between the various different DNA segments [43] . A recent review on this subject can be found in ref. [44] .
Low ionic strength (I = 14 mM, [Na] = 10 mM)
In Fig. 9 we show some typical FECs measured for the DNA-MTX complexes at the low ionic strength condition. Observe that the qualitative behavior is the same one observed at high ionic strengths: for low drug concentrations (in this case ⪕ C T 3 μM), the FECs present the usual WLC shape, indicating that the DNA-MTX complexes are still semiflexible polymers at this concentration range. For higher drug concentrations (e.g. 4.5 μM shown in the figure), the FECs become straight lines, indicating that the DNA-MTX complexes also become flexible polymers here. The solid lines in Fig. 9 are fittings to the WLC (bare DNA In Fig. 10 we show the contour length of the DNA-MTX complexes obtained for [Na] = 10 mM. Observe again that the qualitative behavior is similar to the former case ([Na] = 150 mM): the contour length initially increases until C T ∼ 3 μM, and then decreases when the DNA condensation starts. For [Na] = 10 mM, however, such decrease is much more abrupt. In fact, we were not able to obtain more data points for C T > 4.5 μM due to the strong DNA condensation induced by MTX at such condition. Here we have again measured the contour length by two independent methods (WLC fitting and by measuring the DNA full extension). In the semi-flexible regime, where the WLC model works well ( ⪕ C T 3 μM), the results are very similar. In Fig. 11 , on the other hand, we show the persistence length data obtained for [Na] = 10 mM. Again, the qualitative behavior is the same: it initially increases for low drug concentrations, and then strongly decreases.
In Fig. 12 we show the radius of gyration as a function of the drug concentration in the sample, for [Na] = 10 mM. Such mechanical parameter was determined using exactly the same procedure described in the former case ([Na] = 150 mM). Here, again, the curve presents three distinct regimes: (a) an initial increase for very low concentrations ( ⪕ C T 0.15 μM), where the intercalative behavior of the drug dominates; (b) an abrupt decrease that indicates the transition to the condensation regime; and finally, (c) a regular sigmoidal decrease of the radius of gyration for ⩾ C T 0.3 μM. Such result confirms that the ionic strength plays a fundamental role in the condensation process. In fact, the transition from regime (a) to (c) occurs at concentration range of ∼ 0.6 to 1.5 μM for [Na] = 150 mM and of ∼ 0.15 to 0.30 μM for [Na] = 10 mM. Thus, the MTX-induced condensation process is facilitated at low ionic strengths, occurring at lower drug concentrations. In addition, for [Na] = 10 mM the transition concentration range is narrower, indicating that the transition from regimes (a) to (c) occurs more abruptly.
In order to advance in our analysis, in Fig. 13 we show the behavior of the normalized contour length Θ = (L -L 0 )/L 0 as a function of the MTX concentration C T for the range ⪕ C T 3 μM (the range in which the intercalative behavior dominates). The dashed line is a fitting to Eq. (4), performed using the same procedure of the former case. From the fitting we extract the binding parameters N = 2.9 ± 0.2 and K = (6 ± 1)× 10 6 M −1 . These parameters are again on the order of magnitude expected for intercalators. Observe that the binding site size N is the same of the former case within the error bars. The binding constant, on the other hand, has increased ∼ 3.75×. Such result again evidences the important role of the ionic strength on the present system: the strong electrostatic interactions between the positively charged drug molecules and the negative phosphate backbone of the DNA double-helix is more screened as more counterions are present in solution, i.e., at higher ionic strengths.
In Fig. 14 we show the radius of gyration R g as a function of the bound site fraction r obtained for [Na] = 10 mM using the same procedure described before for the high ionic strength case. The main difference from the former case is that here R g decreases much more abruptly as a function of r, which indicates a significant increase on the cooperativity degree of the process. In fact, in Table 3 we show the parameters obtained from the two fittings shown in Fig. 14 . Observe that the Hill exponent n has considerably increased in relation to the former result, indicating that the process has become more cooperative.
Nevertheless, a critical analysis of the fitting processes shown in Figs. 8 and 14 must be performed here. Observe that the proposed model used to fit the experimental data, Eq. (3), is the simplest one possible, such that the Hill exponents returned from the fittings are only indicative of the cooperativity degree and should not be taken as exact numbers. In any case, observe that this parameter measures the sharpness of the R g decrease. For a decay represented by step function, for example, one has n →∞. Therefore, the results presented here confirm that the DNA condensation process induced by the divalent drug MTX is strongly cooperative, and such cooperativity increases for lower ionic strengths.
At single molecule level, the condensation process is in general recognized as an "all-or-none" folding transition [44] , compatible with a R g decrease well represented by a step function which reflects the high cooperativity of such process. The behavior of R g obtained in Figs. 8 and 14 is compatible to this result, specially at low ionic strengths (Fig. 14) where the relevant electrostatic interactions responsible for the condensation process are less screened.
Conclusions
The present work reports a cooperative transition from the semiflexible to the flexible regime of polymer elasticity during the condensation of the DNA molecule induced by the drug MTX. By using SMFS, we show that the FECs of the DNA-MTX complexes deviates from the typical WLC behavior as the drug concentration in the sample increases, becoming straight lines for sufficiently high concentrations. For the regular condensation process, the radius of gyration of the complexes decreases monotonically as a function of the MTX concentration, and the curve presents a sigmoidal shape, from which we extract some important parameters that characterize the interaction; in particular, the degree of cooperativity. We show that this parameter increases for lower ionic strengths, where the relevant electrostatic interactions between DNA and MTX are less screened. The present methodology can be promptly applied to other ligands that condense the DNA molecule, opening new possibilities in the investigation of this type of process and, more generally, in the investigation of phase transitions in polymer physics.
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